S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Seminars in Fetal and Neonatal Medicine 28 (2023) 101427

Contents lists available at ScienceDirect

Seminars in Fetal and Neonatal Medicine

FI. SEVIER

journal homepage: www.elsevier.com/locate/siny

¢ NEONATAL

b 3

Impact of perinatal COVID on fetal and neonatal brain and
neurodevelopmental outcomes

Andrea C. Brum®, Nestor E. Vain ™"’

@ Hospital Sanatorio de la Trinidad, Cerviio 4720, 1425, Buenos Aires, Argentina
b School of Medicine, University of Buenos Aires, Argentina

L)

Check for

updates

ARTICLE INFO

Keywords:
SARS-CoV-2
COVID-19
Pregnancy
Newborn
Neurodevelopment
Pandemic

ABSTRACT

After three years of the COVID-19 pandemic, we have learned many aspects of the disease and the virus: its
molecular structure, how it infects human cells, the clinical picture at different ages, potential therapies, and the
effectiveness of prophylaxis. Research is currently focused on the short- and long-term consequences of COVID-
19. We review the available information on the neurodevelopmental outcome of infants born during the
pandemic from infected and non-infected mothers, as well as the neurological impact of neonatal SARS-CoV-2
infection. We also discuss the mechanisms that could potentially affect the fetal or neonatal brain including
direct impact after vertical transmission, maternal immune activation with a proinflammatory cytokine storm,
and finally the consequences of complications of pregnancy secondary to maternal infection that could affect the
fetus. Several follow-up studies have noted a variety of neurodevelopmental sequelae among infants born during
the pandemic. There is controversy as to the exact etiopathogenesis of these neurodevelopmental effects: from
the infection itself or as a result of parental emotional stress during that period. We summarize case reports of
acute neonatal SARS-CoV-2 infections associated with neurological signs and neuroimaging changes. Many in-
fants born during previous pandemics caused by other respiratory viruses demonstrated serious neuro-
developmental and psychological sequelae that were only recognized after several years of follow-up. It is
essential to warn health authorities about the need for very long-term continuous follow up of infants born
during the SARS-CoV-2 pandemic for early detection and treatment that could help mitigate the neuro-
developmental consequences of perinatal COVID-19.

1. Introduction

enzyme (ACE2) and its expression was easily detected in multiple
brain regions [2]. Therefore, the potential exists for neuro-

Since the declaration of a pandemic caused by SARS-CoV-2 in March
2020 by the World Health Organization (WHO) [1], researchers from all
over the world recognized the need for learning more about this virus.
The mechanisms of infection, the various clinical presentations, poten-
tial therapies, and the ways of preventing it were the core of these
investigations.

Currently, many scientists are focused on the detection of potential
short- and long-term sequelae after exposure to SARS-CoV-2. For ob-
stetricians, neonatologists and health care personnel working in peri-
natal medicine the potential sequelae of maternal and neonatal infection
on later infant development are unclear. Furthermore, even without an
infection being detected, the pandemic itself could affect pregnant
women and impact the long term development of their offspring.

SARS-CoV-2 preferentially binds to the angiotensin-converting

developmental impairment to occur after fetal, neonatal, and young
infant infection.

Moreover, any possible sequelae of COVID-19 during pregnancy
should be of concern, even if mild, given the large number of affected
pregnant women during the pandemic [3].

In this review we will summarize the available information on the
possible neurodevelopmental sequelae of infants born during the SARS-
CoV-2 pandemic.
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1.1. Potential mechanisms of the effects of SARS-CoV-2 on infant
development (Fig. 1.)

1.1.1. Vertical transplacental transmission and direct impact on the central
nervous system

There is evidence that some viruses, such as Zika and Cytomegalo-
virus, can cross the placenta and invade the blood brain barrier with
devastating effects on the infants’ brain [4,5] The possibility and po-
tential frequency of vertical transmission of SARS-CoV-2 are a matter of
current debate and addressed in another manuscript in this issue. There
is no clear description of how vertical transmission should be defined.

The WHO defines vertical transmission by the presence of maternal
infection during pregnancy, detection of SARS-CoV-2 or persistence of
an immune response in the newborn [6]. Shah et al. proposed that, to
confirm vertical transmission, transplacental infection can only be
established with virus detection by PCR in umbilical cord blood or
neonatal blood collected within the first 12 h of birth, or amniotic fluid
collected before rupture of membranes [7]. Blumberg et al. propose that
mothers have to be positive for SARS-CoV-2 from 2 weeks before to 2
days after delivery for perinatal transmission. Maternal infection can
theoretically occur anytime during pregnancy for potential vertical
transmission. In addition, one of the following is mandatory: a positive
nasopharyngeal, oropharyngeal or saliva swab from the newborn within
the first day, or a positive sample from amniotic fluid or neonatal blood
before 24 h. Persistence of a positive swab beyond 24 h of life or positive
IgM in the first 7 days of life are also considered [8].

One of the first communications and case reports with strong evi-
dence pointing to transplacental virus passage was a case of a premature
neonate (35.5 weeks) who was born with low 1- and 5-min’ Apgar
scores, with evidence of the E and S genes of SARS-CoV-2 in amniotic
fluid, positive nasopharyngeal swabs, who on the third day of life
developed neurological symptoms [9].

Provided vertical transmission occurs, it would be interesting to
know which is the period of pregnancy that poses the greatest risk for the
fetus and what consequences should be expected in the short or long
term.

1.1.2. Immune activation

A second possible mechanism of neurodevelopmental compromise
by SARS-CoV-2 is maternal immune activation (MIA) which may result
in placental and fetal brain immune activation. This phenomenon has
been previously reported following the epidemics of influenza, a virus
that does not cross the placental barrier. In their review, Shook et al.
describe that abnormal neurodevelopment in the offspring after influ-
enza infection could include autism spectrum disorder, anxiety,
schizophrenia and other serious neurological sequelae. Given the sig-
nificant inflammatory and immune response in many COVID-19 cases,
often including a proinflammatory cytokine storm, this mechanism of
damage is plausible [3].

1.1.3. Maternal complications

Finally, an additional mechanism that could result in neuro-
developmental impairment is the occurrence of complications of preg-
nancy in SARS-CoV- 2 infected women. Placental dysfunction could
result in intrauterine growth restriction, and infections themselves are
associated with premature birth, both complications increasing risks in
later development. Furthermore, during the pandemic, severe COVID-19
in the last trimester led to elective preterm delivery of pregnancy in
many cases [3,10].

2. Neurodevelopment: follow up cohort studies

Several studies evaluated the influence of COVID-19 during preg-
nancy on later development [11-14]. Other publications discuss the
possibility of neurodevelopmental changes in the offspring of infants
born during the pandemic even in the absence of documented infection
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Fig. 1. Potential mechanisms for neurodevelopmental impairment of infants
during the COVID-19 pandemic. Maternal infection and its consequences such
as hypoxia, thromboembolism, inflammation and placental insufficiency can
affect the fetal brain. Neonatal exposure and infection can rarely be associated
with neurological involvement. The effect of environmental changes during the
pandemic due to isolation, decreased interaction, parental stress etc., may also
have contributed to neurodevelopmental changes. Although subtle impairment
in various developmental scores is evident in studies, the plasticity of the
neonatal brain might recover from these effects in a nurturing and supportive
environment. Copyright Satyan Lakshminrusimha.

during pregnancy [15,16].

Edlow et al. reported data from 7772 infants born during 2020 at 6
hospitals in Massachusetts, including 222 whose mothers developed
COVID-19 during pregnancy. Abnormal neurodevelopmental diagnoses
at 12 months were more common in the offspring of infected mothers,
particularly those exposed to third-trimester maternal infection (6.3 vs.
3.0%), even after adjusting for premature birth and several other vari-
ables. It is clear that additional neurodevelopmental effects may become
apparent with longer follow-up [11].

In a cohort of 298 infants from Kuwait born to mothers with COVID-
19 during pregnancy, using the Ages and Stages Questionnaire, 3rd
edition (ASQ-3) at one year, 10% demonstrated developmental delay
and this was more frequent when the infection occurred during the first
and second trimester [12]. Similar findings were reported from a small
cohort from Washington DC [13].

Aldrete Cortez et al. performed a small but elegant study: they vid-
eotaped 3-5 month-old infants for general movement assessment. They
compared 28 infants born to mothers who developed SARS-CoV-2
infection in the third trimester with 28 unexposed controls. Infants in
the exposed group had a 22% incidence of absent or decreased fidgety
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movements, a finding that could be considered a potential early indi-
cator of neurological dysfunction [14].

A study from New York evaluated 255 infants born in 2020 using the
ASQ-3 at six months (114 in utero exposed to COVID-19 and 141 un-
exposed). They concluded that, compared to a historical pre-pandemic
cohort, there was an increase in neurodevelopmental deficits in in-
fants born during the pandemic which was not related to the exposure to
SARS-CoV- 2 infection. However, the authors acknowledge that the re-
sults are self-perceived by the parents and that the ASQ-3 may have a
modest correlation with future objective measures of neurodevelopment
[15].

Similarly, Deoni and coworkers evaluated infants younger than 16
months using the Mullen Scales of Early Learning (MSEL). They
compared 388 infants born before the pandemic to 137 born during the
pandemic but with no history of SARS-CoV-2 infection. They found a
decrease of nearly 30 points in cognitive performance which did not
appear to be related to maternal stress [16].

More recently Bianco and coworkers reported a cohort of infants
born in New York during the pandemic in whom changes in their
temperament was found to be associated to maternal stress but not to
SARS-CoV-2 infection during pregnancy [17].

Manning et al. performed MRIs at age three months on 75 infants
born during the pandemic. They associated the findings of amygdala-
prefrontal microstructural and functional connectivity measures to the
degree of maternal anxiety and depression which was less prevalent
when the mother had adequate social support [18]. Another small
cohort study suggested that SARS-CoV-2 infection in pregnancy might
affect auditory brain stem function [19].

3. SARS-CoV-2 prenatal and postnatal infections: neuroimaging
findings

Although initially clinicians’ impression was that prenatally and
postnatally acquired neonatal infections with SARS-CoV-2 were mild,
several reports demonstrated abnormal structural findings in the in-
fants’ brain. Lin et al. proposed several potential mechanisms for these
effects: a direct impact of the virus, an immune or inflammatory pro-
cesses, and some hypercoagulable states [20].

As mentioned before, Vivanti et al. communicated the case of a
neonate with evidence suggesting vertical transmission. In the third
postnatal day, the infant developed irritability, hypertonia and opis-
thotonos. CSF was sterile but with an initial inflammatory reaction.
Brain MRI showed bilateral gliosis of the deep white periventricular and
subcortical matter. The authors attribute the observed brain lesions to
vascular inflammation induced by the viral infection [9]. A systematic
review of 176 cases of neonatal COVID-19 by the same group of in-
vestigators reported 18% with neurological signs [21]. In a report of 5
cases of neonatal COVID-19 from China, MRI showed diverse abnor-
malities in four, partially correlated with decreased neurobehavioral
scores [22].

We reported the case of a 17-day-old infant with a proven
community-acquired SARS-CoV-2 infection who presented with seizures
and subsequently developed hematological and cardiac compromise.
Brain magnetic resonance showed two focal lesions in the white matter
of the left frontal region, consistent with an ischemic focus. Viral PCR
studies of CSF including SARS-CoV-2 were negative. At 2-year follow-
up, neurodevelopment appeared normal [23]. Other authors reported
cases of severe SARS-CoV-2 infections in neonates including seizures,
other neurological signs and abnormal brain MRI [24-26].

In series of older infants and children with SARS-CoV-2 acquired
infections, the reported incidence of neurological signs is variable. When
those signs are present, abnormal findings in brain MRI are common
[27]. The most frequently found brain imaging patterns include
immune-mediated acute disseminated encephalomyelitis-like changes,
myelitis, and neural enhancement [28].
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3.1. Summary and conclusions

Following the declaration of the COVID-19 pandemic, those of us
working in maternal, fetal, and neonatal medicine were worried about
the impact of this new virus on mothers and infants. We were initially
relieved when most newborns who had been exposed to COVID-19
appeared to be doing well [29].

Although controversy persists, most infants born to mothers who
acquired SARS-CoV-2 during pregnancy are healthy and vertical trans-
mission appears rare. Most neonates who develop COVID-19 have a mild
course of the disease with unaffected outcomes. However, there are
several reports of serious impact from SARS-CoV-2 on the neonatal brain
of infected neonates.

Several follow-up studies strongly suggest that infants born during
the pandemic have an increased frequency of neurodevelopmental and
behavioral problems which, in general, appear independent from
maternal infection during pregnancy and may be associated to with
maternal stress.

According to Moyer, even if the brains of infants and young children
are being affected, there are good chances for them to recover and catch
up. Moyer said, “the brains of six-month-olds are very plastic, and we
can get in there, and we can change their trajectory.” [29] Although
subtle to significant neurological findings are being reported in many
studies, no clear pattern of neurodevelopmental impairment has been
associated with prenatal or postnatal COVID-19 exposure or infection
and long-term follow-up of these children is needed.

In order to disclose the real impact of perinatal-neonatal COVID-19
on the neurodevelopment of infants and children, collaborative studies
with very long term follow-up will be necessary. The experience with
previous respiratory virus pandemics demonstrated the appearance of
psychologic, psychiatric, and developmental sequelae several years later
[3]. This unfortunate history should be considered by healthcare au-
thorities to acknowledge the need for supporting the organization and
financing of programs that could give answers to many important
questions.
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